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Optical Waveguide Displacement Sensor 



Field of the Invention 
[0001] The present invention relates to displacement sensors, and in 

particular to an optical waveguide displacement sensor 

Background of the Invention 
[0002] Cantilever beams micro-machined in silicon are currently used as 

displacement sensors in such devices as atomic force microscopes, magnetic force 
microscopes and other force based scanning probe techniques where force applied 
to the cantilever causes a physical displacement that is detected. Cantilever beams 
are also used to sense vibrations of structures, inertial force, and to detect mass of 
the cantilever itself. 

[0003] Cantilever displacement or deflection has been detected by several 

different methods. The methods include deflection of an external laser beam 
reflecting off of the cantilever, piezoresistive measurements, capacitance change 
between cantilever and substrate, and measurement of tunneling current. These 
methods suffer from various disadvantages relating to their use as sensitive mass 
sensors due to complex mounting requirements, lack of sensitivity, difficult 
fabrication, and environmental instability. 

[0004] The ability to detect small amounts of materials, including 

pathogenic bacteria and biomolecules integral to cell responses, is important for life 
science research, drug discovery, medical diagnostics and for homeland security. 
Most current detection technologies are either, bulky, expensive or slow. Current 
instrumentation for single molecule detection is largely based upon direct optical 
measurements which provide a limited ability to interrogate an unknown molecule. 
Spectroscopic techniques such as ultraviolet, infrared (IR) and fluorescence all 
operate based upon the intrinsic spectral properties of the molecule alone or in 
combination with a label. The ability of these techniques to be informative is 
limited and this is especially true of molecules with a limited unique optical spectra 
Docket No. 1153.099US1 1 CRFD-3332 



and where there are a number of molecules in the milieu with similar spectral 
signatures. 

[0005] Other methods of detecting biomolecules when attached to an 

antibody including those that might be a biowarfare agent, using integrated optics 
have been demonstrated recently. However, these depend on tight fabrication 
tolerances due to the efficient coupling and single wavelength operation of the 
sensing device, normally ring or disk resonators. Also, these techniques require 
expensive accessories, as single wavelength lasers are required and are tuned to the 
fabricated device. 



Summary of the Invention 
[0006] A substrate incorporates a mechanical cantilever resonator with 

passive integrated optics for motion detection. The resonator acts as a waveguide, 
and enables optical detection of deflection/displacement amplitude, including 
oscillations. Ring resonators may be used to couple different wavelength light to 
the waveguides, allowing formation of an array of cantilevers. 
[0007] In one embodiment, the cantilever comprises a silicon waveguide 

suspended over a substrate. A reflector structure faces a free end of the suspending 
cantilever, or a waveguide is supported facing the free end of the suspended 
cantilever to receive light transmitted through the silicon waveguide cantilever. 
Deflection/displacement of the cantilever results in modulation of the light received 
from its free end that is representative of the displacement. 

[0008] Stress layers, such as a layer of silicon nitride may be formed on the 

waveguide and may be used to modulate the mechanical properties of the 
waveguide. Material may be trimmed from the waveguide to modify the resonant 
frequency of the waveguide. In one embodiment, the waveguide has a high index of 
refraction to highly confine light. 

[0009] Highly-sensitive, immunospecific pathogens are attached to the 

cantilever resonators in one embodiment. In addition to detecting its presence, the 
mass of the pathogen is measured. 
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[0010] The cantilever resonators in one embodiment are a resonance- 

frequency-based biological mass sensor, comprised of a low-stress silicon nitride 
(bulk micromachined) as well as stress free poly-silicon (surface micromachined) 
cantilever beams. The cantilever beams are integrated with optical deflection, for 
the detection of molecules. In one embodiment, single Escherichia coli 0157:H7 
(E. co/^-cell-antibody binding events as well as selectively bound self assembled 
monolayers (SAMs) are detected. 

[001 1] A shift in the resonance frequency of a fundamental mode of the 

cantilever beam is measured as a function of the additional cell loading and 
correlated to the mass of the specifically bound additional mass. Out of plane 
vibrational oscillations of a free end of the cantilever beam at and near the 
fundamental resonance frequency may be detected using optical deflection and 
interferometric systems. 

[0012] The cantilever resonators may be used in other applications, such as 

vibration sensing. Multiple such resonators are tuned to different resonant 
frequencies and used to detect selected vibrations of an aircraft or structure. 

Brief Description of the Drawings 
[0013] FIG. 1 is a block diagram representation of a waveguide cantilever 

beam sensor according to an embodiment of the invention. 
[0014] FIG. 2 is a block diagram of system incorporating multiple 

waveguide cantilever beam sensors according to an embodiment of the invention. 
[0015] FIG. 3 is a block diagram representation of an array of waveguide 

cantilever beam sensors in transmission mode according to an embodiment of the 
invention. 

[0016] FIG. 4 is a block diagram representation of an array of waveguide 

cantilever beam sensors in reflection mode according to an embodiment of the 
invention. 
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[0017] FIG.s 5A, 5B, 5C and 5D are a sequence of block diagrams 

representing formation of a waveguide cantilever beam sensor according to an 
embodiment of the invention. 



Detailed Description of the Invention 



[0018] In the following description, reference is made to the accompanying 

drawings that form a part hereof, and in which is shown by way of illustration 
specific embodiments in which the invention may be practiced. These embodiments 
are described in sufficient detail to enable those skilled in the art to practice the 
invention, and it is to be understood that other embodiments may be utilized and 
that structural, logical and electrical changes may be made without departing from 
the scope of the present invention. The following description is, therefore, not to be 
taken in a limited sense, and the scope of the present invention is defined by the 
appended claims. 

[0019] A block diagram schematic of an analytical chip 100 is shown in 

FIG. 1. Light, represented by arrow 105 is provided by an optical fiber 110. The 
light 105 is provided via a coupler 1 13 to a silicon waveguide 115, that is supported 
by a substrate 120 and layer of oxide 125 formed on top of the substrate. The 
waveguide 1 15 is cantilevered at 130 over an opening in the oxide 125, indicated at 
135, and is suspended over the substrate 120. Light travels through the cantilevered 
waveguide and is projected, as represented at 140 through a receiving structure 145. 
The receiving structure may be another waveguide that transmits received light to 
further analysis mechanisms, or may be a reflector that reflects received light back 
into the waveguide 115. 

[0020] In one embodiment, the cantilevered waveguide 1 15 has an antibody 

150 carefully placed a desired distance out onto the cantilevered portion 130 of the 
waveguide. The antibody attaches to a desired pathogen 155, adding to the mass of 
the cantilever, and thereby affecting its resonant frequency. In response to 
externally applied forces, the cantilever will deflect or oscillate as indicated in the 
cut-out at 160. The frequency of vibration of the cantilevered waveguide is 
Docket No. 1153.099US1 4 CRFD-3332 



measured, and the change from nominal is representative of the mass of the 
pathogen 155. It thus indicates that the pathogen is likely present in a sample that 
was put in contact with the antibody or antigen. The placement of the antibody 
affects the momentum of inertia of the cantilever, and should be done with care to 
ensure a desired moment is obtained. 

[0021] In one embodiment, the waveguide is formed of silicon, polysilicon, 

silicon nitride, or any other optical conductor having a suitably high refractive index 
combined with desirable mechanical properties. The material should have 
mechanical properties that allow it to deflect under selected forces, and have a large 
enough displacement. A displacement that is linear with respect to force over a 
selected range is desired in some applications. A large dynamic range of motion 
may be obtainable. 

[0022] The index of refraction of the material should be high enough in one 

embodiment to highly confine light. If the index is too low, the light may diverge 
quickly when exiting the waveguide. Less light will be received, and the changes in 
light received will also vary less with deflection of the waveguide, resulting in less 
sensitivity. In one embodiment, the receiving structure 145 is substantially fixed 
with respect to the substrate in order to avoid movement of it in response to forces 
used to activate the cantilever waveguide. This is done to minimize the changes in 
reception of light that might be caused by movement of the receiving structure. 
[0023] In one embodiment, one or more stress layers are added to the 

waveguide to modify the displacement properties. A thin layer of silicon nitride 
may be added to the waveguide in one embodiment. Portions of the waveguide may 
be removed to fine tune the resonant frequency of the waveguide without adversely 
affecting the optical properties. A laser may be used to remove material from the 
surface of the waveguide in one embodiment. 

[0024] In one embodiment, the waveguide is approximately 250 nm thick. 

The waveguide cantilevered portion extends approximately 6 urn into the opening 
135 of the oxide. The light emitting end of waveguide 1 15 is spaced approximately 
100 nm from an end of the receiving structure 145. 
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[0025] A further embodiment utilizing multiple waveguide cantilever beams 

is shown at system or analytical chip 200 in FIG. 2. Optical fiber 1 10 is coupled to 
a waveguide 210 via a tapered portion 215 of the waveguide 210. The taper is a 
nano-taper corresponding to the shortest SOI-based mode-size converter with high 
coupling efficiency for bridging between optical structures across scales. Other 
methods of coupling the optical fiber to the waveguide 210 may be used. 
Waveguide 210 is supported on a substrate 220 with an oxide layer 225 formed 
thereon. 

[0026] Ring oscillators 235 and 240 are positioned adjacent the waveguide 

210 and adjacent orthogonal waveguides 240 and 245 respectively to couple light of 
selected frequencies between the waveguides. Waveguides 240 and 245 extend 
along the oxide layer to a gap 250 in the oxide layer where they are suspended over 
the substrate 220 a desired distance at 253 and 254 as in FIG. 1 to form suspended 
or cantilevered portions. Binding sites may be formed on the suspended portions for 
biological or chemical detection type applications if desired. Reflecting elements 
255 and 260 are positioned facing ends of the waveguides 240, 245 to receive 
and/or reflect light from them. In still further embodiments, reflectors may reflect 
light to yet further waveguides. 

[0027] Although oscillation of the cantilevered portions of the waveguides is 

present at all times due to thermal motion, the amplitude of the oscillations is 
greatly enhanced by direct drive of the chip either through on-chip electrostatic 
actuation or through piezoelectric driving as provided by piezoactuator 270 
positioned below substrate 220 in one embodiment. The piezoactuator 270 may be 
positioned above the substrate 220 in further embodiments, and is coupled to the 
substrate to impart motion to the substrate in a manner that enhances the oscillations 
of the cantilevered portions of the waveguides. 

[0028] Externally actuating the cantilever provides an increase in sensitivity 

until non-linearities begin to disturb the oscillation. For instance, piezo drive will 
indeed slightly degrade the quality factor (Q), and if significant drive is employed 
the resonance curve will topple over. Drive amplitudes are selected to ensure the 
quality factor is not significantly degraded (less than 5% drop in Q). 
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[0029] Suitable stress layers in the cantilever waveguides are provided in 

one embodiment to displace the equilibrium position, such as by 100-200 nm. This 
places the operation at the inflexion curve, increasing the sensitivity. An oscillating 
amplitude of 20 nm in one embodiment yields a very large modulation of 10% in 
the intensity of the signal. Signals 10-100 times smaller than this may be measured. 
A conservative estimate of the detection limits of the oscillation of the cantilever 
can be achieved through a simple calculation. Given a lOdbm input laser signal. If a 
lower bound of -10 db coupling (misalignment of 4 jam in nanotaper embodiment) 
is used, this means that a 0 dbm signal will reach the cantilever (or 1 mW). If 
another 40% in coupling is lost, and a 1% modulation due to oscillation is achieved, 
a 50 jiW optical signal modulated at 1 MHz should be easily detected. 
[0030] In chip 200, light from and to the chip is carried to a measurement 

system through an optical fiber. The piezo-electric transducer to excite mechanical 
vibrations of the micro-mechanical cantilevers that perform the biosensing inside 
the chip. The nano-taper input coupler 215 leads to the main waveguide 210 that 
distributes the optical signal. The ring resonators 230, 235 coupled to the main 
waveguide extract only a specific wavelength. The cantilevered waveguides 240 and 
245 extract the optical signal from the ring resonators, and carry them to the 
cantilever portion of waveguides which are suspended and free to oscillate. The 
cantilever portions of the waveguides have a sensitized region on a top part to which 
pathogens can bind. This extra mass at the tip of this cantilever causes a change of 
its natural oscillation frequency. In one embodiment, the reflecting elements 255, 
260 are placed opposite to the waveguides. Alternative the signal can be collected 
by a receiving waveguide. 

[0031] Operation of the chip as a sensor requires that initially the chip 

containing the cantilever, with a bio-sensitive site at its tip, be exposed to the 
medium containing the target. The target then binds to the cantilever and is 
permanently attached. The chip is then dried if a liquid medium is used, and 
measurements are taken. 

[0032] Optical power at different wavelengths is coupled from the fiber to 

the waveguides on chip. Light then propagates until it reaches the ring resonator 
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tuned to its wavelength. Light is then transferred to the waveguide leading to the 
suspended section of the silicon waveguide that acts as a cantilever. At this point 
light exits the end of the cantilever and diffracts into free-space. A portion of this 
light is reflected back into the cantilever waveguide. The amount of light reflected 
back into the receiving waveguide depends strongly on the vertical deflection of the 
cantilever. 

[0033] The light coupled back into the waveguide has encoded in it, a 

modulation in intensity due to the mechanical oscillation of the cantilever. This light 
is coupled back through the ring resonator into the input waveguide, and exits at the 
edge of the chip through the nano-taper coupler into the fiber. The intensity of each 
optical wavelength is modulated by the oscillation of its respective cantilever. The 
optical signals reflected back into the fiber are carried by the fiber to a simple 
spectrometer that measures the oscillating signal of each cantilever. Because the 
ring resonator acts as a filter in and of itself, the input signal can be spectrally broad. 
Changes in temperature will not affect the device, as they do in other schemes that 
use rings and discs as active sensing area. 

[0034] The piezoelectric actuator increases the intensity of the cantilever 

oscillation during successive frequency scans to optimize sensitivity and then the 
resonance frequency is determined with the mass being given by the shift in 
frequency. The change in mass due to the attachment of the target is determined by: 
dm/m = -2 df/f. For measurements in vacuum this of the order of 10 3 . This 
translates into a mass sensitivity range of attograms to picograms for the cantilevers 
that can currently be manufactured. As fabrication process improvements occur, 
smaller and more precise systems may be built. 

[0035] Coupling to and from optical fibers to devices such as the analytical 

chip 200 usually involves high losses due to mode-size and effective index 
mismatch. The nano-taper allows this to be done in a very simple fashion and with 
very high coupling efficiency. The nano-taper consists of a waveguide laterally 
tapered to a nanometer-sized tip at the facet in contact with the optical fiber. At the 
tip, the field profile becomes delocalized from the waveguide core, which induces a 
very large mode profile similar in effective index and profile to that of the fiber. 
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FDTD and BPM simulations show that insertion loss can be as low as 0.5dB for TE- 
like mode at /lo=1550nm, this is a factor of 20 times over conventional techniques. 
The coupling enhancement due to the presence of the nano-taper may be eight times 
over straight coupling to the waveguide. This was measured for both TM and TE- 
like modes, over the 1 520-1 620nm range. The insertion loss of the nano-taper at 
^=1550nm is estimated to be 3.3±0.3 and 6.0±0.4dB for TM and TE-like modes, 
respectively. 

[0036] The problem of extracting the signal from the receiving waveguide is 

reduced since large area photodetectors butt-coupled to the chip with a coupler may 
be used. The high confinement Si-waveguides allows 90 degree bends in the chip's 
passive integrated optical circuit eliminating direct coupling of laser source to the 
detector, simplifying design of the chip-carrier and analytical chip 200. The nano- 
taper corresponds to the shortest SOI-based mode-size converter with high coupling 
efficiency for bridging between optical structures across scales. The alignment 
accuracy needed for 3dB coupling is approximately +/- 2|im. 
[0037] FIG.s 3 and 4 show block schematic diagrams of wavelength 

encoded probing array architectures based on ring resonator structures at 300 and 
400 respectively. In FIG. 3, light of several different wavelengths, Xi . . .An, are 
provided to a waveguide 310, such as in FIG. 2. Optical ring resonators 315, 320 
and 330 are positioned adjacent or proximate waveguide 310 such that they are 
optically coupled. Cantilevered waveguides 340, 350 and 360 are optically coupled 
to respective optical ring resonators. The optical ring resonators are each are tuned 
to a desired wavelength Xi, A 2 , and A 3 such that those wavelengths are independently 
transmitted on corresponding cantilevered waveguides 340, 350 and 360. 
[0038] Transmission of the optical signal from the cantilever waveguide to 

corresponding receiving waveguides 365, 370 and 375 is modulated. The 
transmitted signal is coupled into the receiving waveguides through corresponding 
matched ring resonators 380, 385 and 390. Y-junctions may also be used, but would 
induce a 50% loss per junction, restricting the array size. The coupled transmitted 
signal is coupled to an output waveguide 395. 
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[0039] The array may be used on a surface to detect vibrations at different 

frequencies. In one embodiment, each resonator is tuned to a different resonant 
frequency that may be indicative of adverse vibrations that might be exhibited by a 
structure, such as an airplane, engine, bearing, etc. Many different applications may 
benefit from mounting such an array in a position to detect undesirable vibrations. 
It may also be used to detect desirable vibrations to ensure a device is operating 
within specifications. 

[0040] FIG. 4 shows an array 400 similar to array 300, where reflectors 410, 

420 and 430 are positioned facing the cantilevered waveguides 340, 350 and 360 to 
provide modulated reflection. Only one I/O fiber is needed to send and receive 
optical signals. From a fabrication point of view, since the same ring resonator is 
used for extraction and re-insertion of the optical signal, devices do not need to be 
tuned. This greatly increases the yield and decreases cost. 
[0041] Spectral separation of wavelengths is accomplished in both FIG. 3 

and FIG. 4 by using different ring resonators of different diameters. Different 
frequencies of oscillation of the cantilevers is obtained by using different suspended 
lengths. For distinguishing signals resulting from the different cantilevers, the 
cantilever length does not need to be varied. The information from each cantilever 
is encoded in the optical wavelength. 

[0042] Different cantilever lengths may be used to optimize the sensitivity to 

different pathogen or target masses. A frequency shift which indicates positive 
detection can be extracted for each separate wavelength. From a fabrication point of 
view, since the same ring resonator is used for extraction and re-insertion of the 
optical signal, devices do not need to be tuned. This greatly increases the yield and 
decreases cost. 

[0043] A dendrimer-based chemistry may be used to enhance biomolecular 

immobilization for the targets coupled to the cantilevered waveguides. Dendrimers 
are star-like in appearance and have been used to increase the active surface area for 
immobilization. As with the Ni-NTA chemistry, the dendrimer surface modification 
has demonstrated a large local binding capacity, low nonspecific binding, flexibility 
and long-term stability. In one embodiment, the dendrimer has been modified to 
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present pendant biotin groups, thereby allowing for the immobilization of biotin- 
tagged molecules, with a streptavidin molecule. DNA-DNA hybridizations and 
other protein-protein systems using bis([sulfosuccinimidyl]suberate) (BS3) may also 
be used rather than biotin as a linking molecule from the dendrimer surface. 
[0044] Microfabrication techniques available for fabrication of cantilevered 

waveguides are illustrated in FIG.s 5A, 5B, 5C and 5D. While the cantilevered 
waveguides may be produced using current technologies, dimensions in the 80- 
450nm range are desired for optimal performance of the waveguides. Even smaller 
dimensions are likely to be available soon if not already, given the current pace of 
fabrication technology. FIG. 5 A shows a cross section of a substrate 510 with 
oxide 515 formed on it. A waveguide 520 has been formed on the oxide, and a 
resist 525 has been patterned using electron -beam lithography 530 to define an 
opening 535 that will correspond to the gap between the cantilevered waveguide and 
the receiving waveguide portions of waveguide 520. The resist 525 has been 
removed in FIG. 5B. 

[0045] FIG. 5C illustrates the release of the cantilever portion of the 

waveguide. A mask layer 540 is used to define a portion of the oxide to be etched. 
The receiving waveguide is also protected by a portion of the mask layer indicated 
at 545 to make sure that the receiving waveguide will not be undercut, which might 
cause it to oscillate during operation. This is necessary as otherwise this may 
preclude a direct measurement of the cantilever's oscillating frequency, as the 
output will contain components from the oscillation of the receiving waveguide as 
well. FIG. 5D represents a released cantilever. The mask layers 540 and 540 are 
removed, and a biosensitive antibody 550 is optionally deposited on the cantilever at 
a desired position. 

[0046] The fabrication of integrated optic structures, especially waveguides, 

in silicon is best accomplished with smooth sidewalls to achieve low loss. The 
smallest dimensions used in systems described herein are found in the nano-taper 
coupler and in the gap between the cantilever and receiving waveguide. Patterning 
of such features is accomplished using electron-beam lithography. Currently, site 
specific binding is achieved on cantilevers that undergo minimal processing for their 
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fabrication. Additional processing steps needed to complete the chip should not 
interfere with this process, and should be fully compatible with that biochemistry. 

Conclusion 

[0047] The cantilever based system of the present invention provides a 

second dimension in the analytical resolution of a molecule; the accurate 
measurement of its weight. It may also be used for larger samples, such as 
bacteriophage, as well as for sensitive measurements of the mass of single 
molecules or their complexes. The cantilever technology may be more sensitive 
than mass spectrometry and may be used to provide mass information for 
noncovalently linked complexes. The technology will allow mass measurements on 
single complexes that are brought together by noncovalent linkages including van 
der Waals, hydrophobic and electrostatic interactions. Transcriptional complex 
formation such as those that involve the assembly of the heat shock complex may be 
monitored with these cantilever devices. Interactions between protein subunits of 
cell signaling complexes may be examined by tethering one member of the complex 
to the cantilever and allowing the other putative components to assemble. 
[0048] The invention also allows the use of inexpensive broadband sources, 

since wavelengths may be selected in the chip. Sensors may also be formed to 
detect vibrations of structures to which they are attached. No binding site is needed 
in this type of use. 

[0049] The invention allows all-optical monitoring of several chips due to 

it's inherent optical fiber based interconnection. The use of on-chip filters allows 
many chips to be interrogated by a single fiber linking many chips. Redundant fiber 
loops may be used to enhance reliability of the communication system. 
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